Annals of Botany 95: 917-933, 2005
doi:10.1093/a0b/mcil01, available online at www.aob.oupjournals.org

Morphology, Anatomy and Histochemistry of Salicornioideae
(Chenopodiaceae) Fruits and Seeds

K. A. SHEPHERD"*, T. D. MACFARLANE? and T. D. COLMER"

'School of Plant Biology, Faculty of Natural and Agricultural Sciences, The University of Western Australia,
35 Stirling Highway, Crawley, WA 6009, Australia and *Department of Conservation and Land Management,

Brain Street, Manjimup, WA 6258, Australia

Received: 9 August 2004 Returned for revision: 5 November 2004  Accepted: 7 January 2005 Published electronically: 10 March 2005

e Background and Aims The subfamily Salicornioideae (Chenopodiaceae) are a taxonomically difficult group
largely due to the lack of diagnostic characters available to delineate tribal- and generic-level boundaries; a
consequence of their reduced floral and vegetative features. This study examined the variation in fruits and
seeds across both tribes of the Salicornioideae to assess if characters support traditional taxonomic sections.

e Methods Light microscopy, environmental scanning electron microscopy and anatomical ultra-thin sectioning
were employed to examine variation in fruits and seeds. Sixty-eight representatives across 14 of the 15 genera
currently recognized within the tribes Halopeplideae and Salicornieae were examined to determine whether char-
acters support current taxonomic groups.

e Key Results Characters such as seed coat structure, embryo shape, seed orientation, the forms of seed storage
proteins and carbohydrates show variation within the Salicornioideae and may be phylogenetically useful. The
campylotropous ovule typical of the Chenopodiaceae generally results in a curved embryo; however, many Halosar-
cia and Sclerostegia species have straight embryos and in Salicornia and Sarcocornia the large peripheral embryo
appears bent rather than curved. Seed coat ornamentation of Microcnemum and Arthrocnemum is distinct from other
Salicornioideae as the elongated epidermal cells of the exotesta have convex walls. Histochemical stains of
anatomical sections of cotyledon cells showed protein bodies were variable in shape, and starch grains were present
in some species, namely Salicornia bigelovii, S. europaea and Allenrolfea occidentalis.

e Conclusions While fruits and seeds were found to be variable within the subfamily, no synapomorphic characters
support the tribe Halopeplideae as these genera have crustaceous seed coats, curved embryos and abundant
perisperm; features characteristic of many of the tribe Salicornieae. The endemic Australian genera are closely
related and few seed and fruit characters are diagnostic at the generic level. Nineteen characters identified as being

potentially informative will be included in future phylogenetic analyses of the subfamily.

Key words: Morphology, anatomy, histochemistry, fruits, seeds, Salicornioideae, Chenopodiaceae, Sarcocornia,

Salicornia, Arthrocnemum, Halosarcia.

INTRODUCTION

The subfamily Salicornioideae Kostel. (Chenopodiaceae
Juss.; APG, 2003), more commonly known as samphires
or glassworts, are characterized by their distinctive reduced
succulent leaves, which may be modified to form an arti-
culated, photosynthetic stem (de Fraine, 1912). These
specialized plants generally have spike-like compound
inflorescences, comprised of paired cymules of tiny flowers
that are sessile within succulent free or fused bracts (Scott,
1977; Kihn et al., 1993). Each cymule has (1-) 3 (-12)
flowers. These flowers have 2—4 perianth lobes that may be
free or fused almost to the apex, 1-2 stamens and a single
ovary. In the Amaranthaceae the solitary ovule is basal,
bitegmic, crassinucellar and campylotropous: where the
embryo is curved and the micropyle is in relatively close
proximity to the hilum (Bocquet, 1959; Connor, 1984;
Johri et al., 1992). The ovule is comprised of an outer
integument and an inner integument, each being 2-3
cells thick (Corner, 1976) and the micropyle is formed
from the endostome (inner integument) (Johri er al.,
1992; Werker, 1997).

* For correspondence. E-mail shepherd @cyllene.uwa.edu.au

The Salicornioideae are among the most salt-tolerant land
plants (Short and Colmer, 1999; English, 2004) and fre-
quently occur in saline areas associated with coastlines,
tidal floodways and salt lakes (Waisel, 1972; Wilson,
1980; Davy et al., 2001). These halophytes are globally
distributed, being found on every continent with the
exclusion of Antarctica. Currently there are two tribes
(Halopeplideae and Salicornieae), 15 genera (recognizing
Sarcocornia as distinct from Salicornia) and approxi-
mately 80 species within the subfamily (Kuhn et al.,
1993) (Table 1).

While long recognized as a natural group (Dumortier,
1827), the floral and vegetative features characteristic of
the Salicornioideae are so modified that it is difficult to
determine their phylogenetic relationships relative to other
Chenopodiaceae. Moreover, recent molecular phylogenetic
studies also show that the sister group relationship of the
Salicornioideae is equivocal. Bienertia cycloptera Bunge
(subfamily Suaedoideae Ulbr.) was placed sister to the
monophyletic Salicornioideae based on both nrDNA Internal
Transcribed Spacer (ITS) sequence data (Schiitze et al.,
2003) and cpDNA rbcL sequences (Kadereit et al., 2003).
However, Bienertia cycloptera placed sister to Suaeda
Forsk. ex Scop. in the same study by Schiitze et al. (2003)
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TABLE 1. The circumscription of the subfamily Salicornioi-

deae Ulbr. sensu Kithn (1993), except Sarcocornia is

recognized from Salicornia (Scott, 1977), including total

number of species currently recognized and number of taxa
sampled in the present study

Total no.  Total no.

Taxon Distribution of species  sampled
Tribe Halopeplideae Ulbr.

Halopeplis Bunge N and S Africa, W Asia, 3 1

ex Ung.-Sternb. Mediterranean Europe

Kalidium Moq. W and C Asia, 5 1

in DC. Mediterranean Europe
Tribe Salicornieae Dumort

Allenrolfea N, C and S America 2-3 1

O. Kuntze

Arthrocnemum S Africa, Asia, 2 2

Mogq. Mediterranean Europe,

N America

Halocnemum W and C Asia, 1 1

M. Bieb. Mediterranean Europe

Halosarcia Australia, rarely 23 40
Paul G. Wilson S Asia and Africa

Halostachys SW and C Asia 1

C. Meyer

ex Schrenk

Heterostachys S and C America 2 1

Ung.-Sternb.

Microcnemum Caucasus, Iran, Spain, 1 1

Ung.-Sternb. Turkey

Pachycornia Australia 1 1

Hook.f.

Salicornia L. Worldwide, except approx. 13 3

Australia

Sarcocornia Worldwide approx. 15 6

A.J. Scott

Sclerostegia Australia 5 6

Paul G. Wilson

Tecticornia Australia, 3 3

Hook f. New Guinea

Tegicornia Australia 1 1

Paul G. Wilson

based on analysis of cpDNA afpB-rbcL cpDNA sequence
data. The lack of a clear sister group precludes the analysis
of character evolution within the Salicornioideae.

The reduced morphology of the Salicornioideae also
limits the availability of easily recognized diagnostic char-
acters at the tribal and generic levels. Furthermore, the
Salicornioideae exhibit considerable phenotypic variation
at the population level (Wilson, 1980; Davy et al., 2001;
Freitag et al.,2001) and taxonomic confusion is exacerbated
by the occurrence of species complexes (Wilson, 1980)
and polyploids (Contandriopoulos, 1968; Castroviejo and
Coello, 1980; Castroviejo and Lago, 1992; Martinez and
Herrera, 1996; Shepherd and Yan, 2003). The succulent
vegetative morphology may also become modified when
dried, limiting the use of herbarium material. As a result,
the subfamilial and infrageneric relationships of the
Salicornioideae are not fully clarified.

Although few vegetative and floral features are diagnostic
in the Salicornioideae, seed characters have been recog-
nized as potentially useful at both the generic and
species levels (Moss, 1954; Tolken, 1967; Wilson, 1980).
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For example, key characters separating Sarcocornia
A. J. Scott and Salicornia L. from other Salicornioideae
include the presence of a horseshoe-shaped embryo and
the absence of perisperm (Cooke, 1912; Standley, 1914;
Scott, 1977; Kiithn et al., 1993; Judd and Ferguson,
1999). In some respects mature fruits and seeds of the Sali-
cornioideae are more convenient to use as taxonomic char-
acters than vegetative and floral features as they are less
inclined to exhibit variability in the field, are frequently
retained on perennial plants for months or even years,
and are likely to remain relatively unmodified upon drying.

The perianth of the Salicornioideae is persistent, and is
retained in the mature fruit with the pericarp and seed. In the
Chenopodiaceae the mature embryo is peripheral and annu-
lar (Martin, 1946; Prego et al., 1998), due to the develop-
ment of a curved embryo sac through the elongation of the
chalazal caecum (Pal et al., 1990). During embryo matura-
tion the endosperm is largely consumed and may only per-
sist as 1-2 layers near the micropyle surrounding the radicle.
As the embryo fully develops it fills the horseshoe-shaped
sac. This sac curves around the remaining nucellus material,
which eventually becomes perisperm (Pal et al., 1990). The
outer layer (exotesta) of the bitegmic seed coat develops
from the outer epidermis of the outer integument while the
endotegmen is derived from the inner epidermis of the inner
integument (Wunderlich, 1968; Corner, 1976). Within the
family there is considerable variation among genera in the
shape of the outer epidermal cells of the exotesta (Corner,
1976), the size and shape of the embryo, and position and
amount of perisperm.

There have been few global taxonomic treatments of the
Salicornioideae and to our knowledge there has been no
detailed survey examining morphological and anatomical
characters of fruits and seeds of the subfamily. To gain a
better understanding of the phylogenetic relationships in
any focus group it is essential to determine diagnostic char-
acters that are reliable and consistent across a wide range of
taxa. This study examined the variation in fruits and seeds
of both tribes of the Salicornioideae to identify characters
that support current taxonomic classification of the sub-
family sensu Kuhn et al. (Kuhn et al., 1993) (recognizing
Sarcocornia). Furthermore, the fruit and seed features
determined to be phylogenetically useful are included,
along with other vegetative and floral characters, in a mor-
phological phylogenetic analysis of the Salicornioideae
(Shepherd et al., 2005).

MATERIALS AND METHODS

Fruit and seed characters were recorded from 68 taxa across
14 of the 15 genera currently recognized within the sub-
family Salicornioideae (Table 1). Characters were scored
from fresh material collected from 45 representatives of the
six genera present within Australia: Halosarcia Paul G.
Wilson, Pachycornia Hook.f., Sarcocornia, Sclerostegia
Paul G. Wilson, Tecticornia Hook f. and Tegicornia Paul
G. Wilson. These included eight undescribed Halosarcia
species and one undescribed Sclerostegia, identified with
phrase names and collection numbers. Voucher specimens
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of the maternal plants were lodged with the Western
Australian State Herbarium (PERTH). Characters of a fur-
ther six described species and two undescribed species
were scored using herbarium specimens already lodged
at PERTH. Fresh specimens from the following countries
were obtained: Arthrocnemum subterminalis Standl. and
Sarcocornia pacifica (Standl.) A. J. Scott from Mexico;
Salicornia procumbens Sm. from the Netherlands;
Arthrocnemum macrostachyum (Morich.) Koch and Sarco-
cornia fruticosa (L.) A. J. Scott from Spain. Herbarium
specimens of the following species were examined includ-
ing: Halopeplis amplexicaulis Ung.-Sternb. ex Cesati,
Passer. & Gibelli and Halocnemum strobilaceum M. Bieb.
from the Institut Botanic de Barcelona (BC); Allenrolfea
occidentalis Kuntze, Heterostachys ritteriana Ung.-Sternb.,
Salicornia bigelovii Torr., S. europaea L., and Sarcocornia
perennis (Miller) A. J. Scott from the United States National
Herbarium at the Smithsonian Institute (USNH) and
Halosarcia cupuliformis Paul G. Wilson from the Royal
Botanic Gardens Melbourne (MEL). Kalidium foliatum
Moq. seed characters were scored from the literature
(Gorshkova et al., 1970; Scott, 1977; Kihn et al., 1993).

Mature perianth, pericarp and seed coat morphology were
examined using a dissection microscope and environmental
scanning electron microscopy (ESEM) (Danilastos, 1993).
Seeds of 23 species from 12 genera of the Salicornioideae
were examined in detail after being embedded in glycol
methacrylate (GMA) resin and sectioned using a Sorvall
semi-automatic microtome following the methods of
O’Brien and McCully (1981). Seeds were nicked using a
scalpel and immediately fixed in 2-5-5-0 % glutaraldehyde
in 0-05 m phosphate buffer (pH 7-0) for a minimum of 72 h
at room temperature. Ultra-thin (2—4 pm) sections of the
resin blocks were made using a glass knife and a Sorvall
microtome in both the longitudinal (LS) and transverse (TS)
planes. The thin sections were floated in water on a glass
slide and melted onto the slide surface using a hotplate.
Sections were stained with Toluidine Blue (pH 4-4),
Periodic Acid-Schiff’s reagent (PAS), Amido Black 10B
(1 % in 7 % acetic acid) and Sudan Black B (in 70 %
ethanol). Images were taken using a digital camera mounted
on a Zeiss Akioskop Microscope.

RESULTS
Seed morphology

Perianth, pericarp and seed characters such as exotesta orna-
mentation, embryo shape and perisperm presence may be
phylogenetically informative (Table 2), as they are variable
amongst the Salicornioideae (Table 3).

Mature perianth and pericarp. The texture of the mature
perianth of the Salicornioideae may be soft and character-
ized as membranous, pithy or chartaceous or hardened,
appearing crustaceous, corky or woody. At maturity, the
perianth may or may not enclose the pericarp and seed.
If the perianth encloses the pericarp and seed, it can dehisce
centrally (Table 2). Perianth dehiscence was not scored for
Allenrolfea occidentalis and Halocnemum strobilaceum as
the perianth lobes are completely free at anthesis. Similarly,
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TABLE 2. Morphological and anatomical fruit and seed
characters and character states that may be phylogenetically
informative for the Salicornioideae (Chenopodiaceae)

—_

. Fruiting perianth texture: membranous; pithy; chartaceous;
crustaceous; corky; woody.
2. Fruiting perianth enclosure of the pericarp and seed:
not enclosed; enclosed.
3. Fruiting perianth dehiscence: does not split down the centre;
splits down the centre.
4. Pericarp texture: membranous; pithy; chartaceous;
crustaceous; woody.
5. Pericarp fusion to mature perianth: fused; free.
6. Pericarp enclosure of the seed: not enclosed; enclosed.
7. Pericarp fusion to the seed: completely fused,
1 = partially fused; free.
8. Seed orientation <relative to the stem axis>:
Type 1; Type 2; Type 3; Type 4; Type 5 (see Fig. 1).
9. Seed length/width ratio: 0-1-0-9; 1.0-1-9; 1.9-2.0; 2-2.9.
10. Seed colour: fawn-white; light gold brown; reddish brown; brown;
very dark red-brown to black; green.
11. Seed transparency: opaque; translucent; transparent.
12. Seed hairs: absent; present (see Fig. 2).
13. Seed ornamentation: absent; present.
14. Seed ornamentation type: Type 1; Type 2; Type 3;
Type 4; Type 5 (see Fig. 3).
15. Seed ornamentation distribution: all over; on the outer edge and
part of central area; on the extreme outer margin; on the apex.
16. Seed coat tannins: absent; present.
17. Embryo shape: straight-slightly curved; curved; bent.
18. Perisperm: present; absent.
19. Perisperm volume: trace; medium to abundant.

the perianth lobes in the Australian species Halosarcia
cupuliformis, H. flabelliformis Paul G. Wilson and the
Tecticornia species separate into free lobes prior to devel-
opment of the fruit (Table 3).

The pericarp of the Salicornioideae is also variable in
texture and in some instances may be fused to the perianth.
In such cases, the pericarp may be difficult to discern. The
pericarp may also partially or fully adhere to the outer
surface of the seed (Tables 2 and 3).

Seed orientation. Salicornioideae seeds have a basal
placentation, congruent with other representatives of the
Chenopodiaceae. However, seed orientation is variable at
the species level. The position of each seed can be described
relative to the axis of the inflorescence stem and a perpen-
dicular line pointing outwards (represented by the x-axis)
(Fig. 1). There are five types of seed orientation evident in
the Salicornioideae. Type 1 seeds are horizontal, with the
longitudinal plane of the seed aligned along the x-axis,
perpendicular to the inflorescence axis (Fig. 1A). Ten of
the Salicornioideae taxa examined have horizontal seeds
(Table 3). In these species, the longitudinal plane of the
flower may also be aligned horizontally or tend towards
a more vertical angle relative to the seed. Type 2 seeds
are also aligned horizontally but each seed is rotated 90°
to the left or right around the pole of the x-axis to lie flat on
one side (Fig. 1B), while the longitudinal plane of the flower
remains horizontal. Type 2 seeds were observed in only four
species including Halosarcia chartacea Paul G. Wilson.
Type 3 seeds are similarly aligned on the horizontal
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Fi1G. 1. Diagram of the orientation of Salicornioideae seeds showing the position of the embryo as viewed from the side. Seed orientation is described relative

to the orientation of the main inflorescence stem (y-axis) and a perpendicular line pointing outwards (x-axis). The number of taxa that exhibit each orientation

type are given in brackets (see Table 3): (A) Type 1 seeds are horizontal (10); (B) Type 2 seeds are horizontal but have rotated to lie flat on one side (4);

(C) Type 3 seeds are similar to Type 2 seeds but have rotated a further 45° away from the x-axis (2); (D) Type 4 seeds are vertical in orientation (53), and
(E) Type 5 seeds are also vertical but have rotated to lie flat on one side (1).

plane and rotated flat to one side, but the seed is twisted a
further 45° to the left or right away from the x-axis (Fig. 1C).
Type 3 seeds were observed only in Halocnemum
strobilaceum and Heterostachys ritteriana. Their flowers
appear to remain in a horizontal position. Type 4 seeds
are orientated vertically, with the longitudinal plane of
the seed aligned along a 45-90° angle from the x-axis
(Fig. 1D). Of the 68 Salicornioideae taxa examined in
this study, 53 have vertical seeds (Table 3). The orientation
of the flower in these species is variable and it may be
aligned horizontally or more vertically relative to the
seed. Type 5 seeds are also orientated in the vertical posi-
tion; however, the seed is rotated 90° to the left or right
around the pole of the y-axis (Fig. 1E). Type 5 seeds have
only been observed in Tegicornia uniflora Paul G. Wilson.

Seed orientation is usually consistent within a species;
however, there are notable exceptions. Whilst the mature
seeds of Pachycornia triandra (F. Muell.) Black are gen-
erally orientated vertically (Type 4, Fig. 1D), some seeds
may rotate upside down relative to the stem axis within the
lignified fruit. In Halosarcia chartacea and H. flabelli-
formis, the seeds within each triad of fruits orientate differ-
ently. The central seed has a Type 1 configuration, whilst
the two lateral seeds have a Type 2 configuration.

Seed size and shape. The seeds of the Salicornioideae
range from 0-7-3-1 mm in length (Table 3). Halosarcia
halocnemoides (Nees) Paul G. Wilson subsp. tenuis
Paul G. Wilson, H. fimbriata Paul G. Wilson, H. pruinosa
(Paulsen) Paul G. Wilson and H. sp. Sunshine Lake
(K. Shepherd 867) have the smallest seeds at 0-7 mm
long, while Pachycornia triandra seeds are the largest at
2-8-3-1 mm long. The majority of Salicornioideae seeds
are less than or equal to 1-5 mm in length; however, nine
species had longer seeds.

Salicornioideae seeds are round to ellipsoid in shape and
may be categorized based on length—width ratios (Table 2).
In most species the length-to-widthratio (L : W)is 1.0-1-9: 1
(Table 3). Exceptions are Halosarcia cymbiformis ms and
H. indica (Willd.) Paul G. Wilson subsp. julacea Paul G.
Wilson where the seed L : W is 0-1-0-9 : 1. In contrast, long
narrow seeds are present in H. sp. Gunyidi (M.N. Lyons
2607), Sclerostegia arbuscula (R. Br.) Paul G. Wilson,
S. moniliformis Paul G. Wilson and S. fenuis (Benth.)
Paul G. Wilson, which have a L : W of 2.0-2-9 : 1.

Seed colour and transparency. Salicornioideae seeds are
monochrome ranging from pale fawn to light gold-brown,

Fic. 2. Environmental scanning electron micrograph of Salicornia
europaea L. seed showing the elongation of the outer epidermal cells of
the testa to form simple hairs. Scale bars =200 um, and 50 um in the inset.

reddish brown, brown, or black (Tables 2 and 3). Halosarcia
sp. Gunyidi (M.N. Lyons 2607), Salicornia procumbens and
Tecticornia australasica (Moq.) Paul G. Wilson have green
seeds. The colour of Halosarcia pergranulata (Black) Paul
G. Wilson seeds may vary within an inflorescence, appear-
ing either reddish brown or black.

The transparency of the exotesta also varies (Table 2).
Most Salicornioideae seeds appear opaque but some are
translucent with a faint outline of the embryo and perisperm
visible. Other species have an almost transparent exotesta
and the embryo is clearly evident. In the almost transparent
seeds, the seed colour is determined by the colour of the
embryo; for example species with a green embryo have
green seeds (Table 3).

Seed hairs and exotesta ornamentation. Salicornia euro-
paea and S. procumbens are the only species examined
where the outer epidermal cells of the outer integument
have elongated to form simple hairs (Fig. 2; Table 2).
The remaining Salicornioideae seeds are glabrous, as exem-
plified by Sclerostegia moniliformis (Fig. 3A), or ornamen-
ted with papilloid projections formed by radial elongation of
outer epidermal cells of the exotesta (Fig. 3B-F). The form
and distribution of exotesta ornamentation varies signific-
antly (Table 3). Forty-one taxa with exotesta ornamentation
were classified into five types (Table 2). In seeds with Type 1
ornamentation, single outer epidermal cells of the exotesta
elongate radially to form small, rounded bumps. The
elongation of these cells occurs in longitudinal rows that
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F16G.3. Environmental scanning electron micrographs and light micrographs of longitudinal anatomical sections of Salicornioideae seeds showing seed coat
ornamentation, as recorded in Table 3. The number of taxa examined which exhibit each type is given in brackets: (A) absent in Sclerostegia moniliformis
Pau G. Wilson (25); (B) raised into small rounded bumps (Type 1) in Halosarcia halocnemoides (Nees) Paul G. Wilson subsp. caudata Paul G. Wilson (21);
(C) uneven and cone-shaped (Type 2) in Arthrocnemum macrostachyum (Moric.) Koch (3); (D) mammilate projections closely packed together (Type 3)
in Halosarcia pergranulata (Black) Paul G. Wilson subsp. pergranulata (9); (E) fan-like ridges (Type 4) in Tegicornia uniflora Paul G. Wilson and
(F) Halosarcia lepidosperma Paul G. Wilson (3); and (G) uneven finger-like projections (Type 5) in Sarcocornia quinqueflora (Ung.-Sternb.) A. J. Scott
subsp. quinqueflora (5). ta= tannin filled epidermal cells of the outer exotesta. Scale bar in left and middle columns, respectively; 200 m and 50 pum in (A),
(D), (F) and (G); 100 um and 50 um in (B) and (C); and 200 wm and 100 pum in (E).
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F1c. 4. Longitudinal sections showing seed coat cell layers stained with Sudan Black in (A) Sclerostegia moniliformis Paul G. Wilson; (B) Tecticornia

verrucosa; (C) Tegicornia uniflora Paul G. Wilson; (D) Halosarcia pterygosperma (Black) Paul G. Wilson; (E) Arthrocnemum subterminalis Standl.; (F)

Arthrocnemum macrostachyum (Moric.) Koch; and (G) Sarcocornia blackiana (Ulbr.) A.J. Scott. Near the micropylar region in the seed of (B), Tecticornia

verrucosa, multiple cell layers of the outer integument (0.i.) and inner integument (i.i.) are visible either side of the cuticle of the inner epidermis of the outer
integument and the cuticle of the outer epidermis of the inner integument, which occur together and are stained blue.

are separated by epidermal cells that have not elongated.
Twenty-one taxa have this form of ornamentation as
exemplified by Halosarcia halocnemoides (Nees) Paul G.
Wilson subsp. caudata Paul G. Wilson (Fig. 3B) (Table 3).
In seeds with Type 2 ornamentation the walls of the outer
epidermal cells of the exotesta are convex with undulate
walls, which form uneven bumps. This ornamentation type
was observed in Arthrocnemum macrostachyum (Fig. 3C),
A. subterminalis and Microcnemum coralloides. In Type 3
ornamented seeds all of the outer testa epidermal cells have
elongated radially to form uniserate longitudinal ridges that
form densely packed mammilate projections. Eight taxa
have Type 3 ornamentation including all of the subspecies
of H. pergranulata (Fig. 3D). Similarly, in seeds with Type 4
ornamentation there is radial elongation of the outer epi-
dermal cells of the exotesta but these cells have continued to
elongate, narrowing near the apex to form fan-like ridges
as evident in Tegicornia uniflora (Fig. 3E), H. pterygos-
perma (Black) Paul G. Wilson and H. lepidosperma Paul
G. Wilson (Fig. 3F). In Type 5 ornamented seeds the outer
exotesta epidermal cells exhibit uneven elongation to form
rounded or pointed projections, as illustrated in Sarcocornia
quinqueflora (Ung.-Sternb.) A. J. Scott subsp. quinqueflora
(Fig. 3G). Sarcocornia blackiana (Ulbr.) A. J. Scott,
Salicornia bigelovii, S. pacifica and S. perennis also have
Type 5 seed ornamentation.

The position of the ornamentation of the exotesta also
varies. Some taxa exhibit patterns over the entire seed
surface, whereas other taxa are ornamented on the central
region and outer edge (margin opposite the hilum), the outer
edge only, or at the apex of the seed (Tables 2 and 3). Areas
of the seed surface without ornamentation are glabrous.

Seed coat ornamentation is generally related to the hard-
ness of the perianth or pericarp. Seeds with either a firm
perianth or pericarp usually have a glabrous seed coat and,
conversely, seeds with a soft-textured perianth and pericarp
are ornamented. Exceptions include taxa that have a soft

perianth or pericarp and yet have glabrous seeds, as
observed in Allenrolfea occidentalis, Halosarcia chartacea,
H. cupuliformis, H. leptoclada Paul G. Wilson subsp.
inclusa Paul G. Wilson, H. peltata Paul G. Wilson, H. sp.
Sunshine Lake (K. Shepherd 867) and Sarcocornia globosa.
In addition, ornamented seeds are present in H. auriculata
Paul G. Wilson, which has a crustaceous perianth, and in
H. calyptrata Paul G. Wilson that has a woody pericarp.

Seed anatomy

Seed coat structure. Longitudinal sections stained with
Sudan Black enabled observations of the cell layers that
comprise the outer and inner integuments of the seed
coat. In seeds with a glabrous and almost transparent exot-
esta, such as Sclerostegia moniliformis, the outer and inner
integument cells are compressed and difficult to discern
(Fig. 4A). In contrast, in the micropylar region of Tecticor-
nia verrucosa Paul G. Wilson (Fig. 4B) the outer epidermal
cells of the outer integument are subtended by a row of cells
filled with tannin-like material and 2—4 rows of thin-walled,
tangentially oblong unstained cells. The cuticle of the inner
epidermis of the outer integument and the cuticle of the
outer epidermis of the inner integument occur together
and were stained blue. Furthermore, in 7. verrucosa an
unstained row of cells with slightly thickened walls com-
prising the inner integument was evident above the embryo
cuticle, which stained black.

Seed colour may be influenced by the presence of tannins
in the outer epidermal cells of the exotesta. Tegicornia
uniflora (Fig. 4C) and Halosarcia pterygosperma (Fig. 4F)
have Type 4 seed ornamentation. However, T. uniflora
seeds are brown and tannins are present in the outer
epidermal cells of the exotesta (Table 3). In contrast,
H. pterygosperma has fawn-coloured seeds and the outer
epidermal cells of the exotesta are clear, as also observed in
Sarcocornia blackiana (Fig. 4G) and H. lepidosperma



Fi1G.5. Longitudinal section of a seed of Halosarcia halocnemoides (Nees)
Paul G. Wilson highlighting the single endosperm cell layer near the embryo
radicle, the presence of cell wall polysaccharides stained pink from PAS,
and small protein bodies stained blue with Amido Black. ra = radicle, co =
cotyledons, pr = perisperm, hy = hypostase and en = endosperm.

(Fig. 3F). By contrast, even though the seeds of Arthro-
cnemum subterminalis are brown, tannins are absent from
exotesta outer epidermal cells (Fig. 4E), whereas these cells
are tannin-filled in Arthrocnemum macrostachyum (Fig. 4F).
It is of interest that a space occurs between the outer
epidermal cells and the underlying seed coat layers of
S. blackiana (Fig. 4G), and also in other taxa with fawn
seeds, such as Sarcocornia quinqueflora and Halosarcia
lepidosperma. When examined closely using a dissecting
microscope, this outermost layer falls away to reveal a
smooth, brown layer beneath, which appears superficially
similar to the outer surface of a glabrous seed.

Endosperm and perisperm. The storage material of
Salicornioideae seeds is predominantly nucellus-derived
perisperm. Traces of endosperm may be present comprising
one or two living cell layers, most evident near the radicle
above the micropylar region, as seen in Halosarcia haloc-
nemoides (Fig. 5). Cell walls stain positive with the PAS
reaction and proteins stain with Amido Black. In contrast,
the perisperm consists of thin-walled, non-living cells den-
sely packed with starch grains as indicated by positive reac-
tion to PAS. The perisperm is present in abundance in seeds
of 59 of the Salicornioideae taxa examined (Table 3), as
observed in Halosarcia pruinosa (Fig. 6F), H. pergranulata
(Fig. 6E) and Pachycornia triandra (Fig. 6D). Perisperm is
absent from Sarcocornia fruticosa, S. perennis (Fig. 6A) and
the three Salicornia species. Small amounts of PAS positive
perisperm are evident in the Australian Sarcocornia species;
Sarcocornia blackiana (Fig. 6B), S. quinqueflora subsp.
quinqueflora (Fig. 6C) and in S. globosa Paul G. Wilson.

Embryo shape. Like other Chenopodiaceae, the embryo
is peripheral in the Salicornioideae seeds, with the outer
edge of the embryo aligned against the inner surface of
the bitegmic seed coat (Fig. 6). However, the embryo of
Tecticornia australasica is slightly displaced towards the
centre of the seed with a layer of perisperm between the
outer edge of the embryo and the seed coat inner surface.

Salicornioideae embryos are campylotropous and
therefore develop in a curve from the micropyle region
toward the chalazal end of the seed, characterized by
the tannin-filled cells of the hypostase in mature seeds.
However, Salicornioideae embryos exhibit varying degrees

Shepherd et al. — Seeds and Fruits of the Salicornioideae
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F1G. 6. Longitudinal sections of Salicornioideae seeds showing embryo
curvature and perisperm presence, as recorded in Table 3. (A) Perisperm
absent, embryo bent in Sarcocornia perennis (Miller) A. J. Scott; (B) trace
amount of perisperm present, embryo bent in Sarcocornia blackiana (Ulbr.)
A. J. Scott and (C) S. quinqueflora (Ung.-Sternb.) A. J. Scott subsp.
quinqueflora; (D) perisperm abundant, embryo curved in Pachycornia
triandra (F. Muell.) Black and (E) Halosarcia pergranulata (Black) Paul
G. Wilson; and (F) embryo straight in Halosarcia pruinosa (Paulsen) Paul G.
Wilson. ra = radicle, co = cotyledons, hy = hypostase, mi = micropyle and
pr = perisperm.
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FiGg. 7. Salicornioideae seeds in longitudinal section stained with

Sudan Black to highlight lipids present in the embryo cell cytoplasm

of (A) Sarcocornia perennis (Miller) A. J. Scott and (B) Allenrolfea
occidentalis Kuntze.

of curvature. In Salicornia and Sarcocornia the peripheral
embryo almost completely occupies the internal area of the
seed. The cotyledons are similar in length to the hypocotyl-
root axis and the horse-shoe shaped embryo appears bent in
half (with the base of the cotyledons touching the top of the
hypocotyl-root axis) exemplified by Sarcocornia perennis
(Fig. 6A). In this species the perisperm is entirely consumed
and the cotyledons occur adjacent to the hypostase. In the
Australian Sarcocornia species the embryo is also strongly
bent; however, the cotyledons do not elongate completely to
fill the entire length of the seed. Instead there is a small
amount of perisperm present between the hypostase area
and the apex of the embryo, as seen in Sarcocornia blacki-
ana (Fig. 6B) and Sarcocornia quinqueflora (Fig. 6C).
While the Pachycornia triandra embryo also occupies
the entire length of the seed, with the radicle adjacent to
the micropylar end and the cotyledons extending to the
chalazal region (Fig. 6D), the embryo is curved rather
than bent as observed in Salicornia and Sarcocornia. The
curved embryo surrounds a large amount of centrally posi-
tioned perisperm. The embryo of Halosarcia pergranulata
is not as strongly curved (Fig. 6E) as the cotyledons do not
extend as far towards the hypostase of the chalazal region
and an abundant amount of perisperm is also evident.
In contrast, the embryo of Halosarcia pruinosa is straight
(Fig. 6F) and the cotyledons of the embryo are much shorter
than the hypocotyl-root axis with the remaining internal
region of the seed occupied by perisperm.

Embryo lipids, proteins and carbohydrates. Only the
embryos of Sarcocornia perennis (Fig. TA) and Allenrolfea
occidentalis (Fig. 7B) showed a strong positive reaction to
Sudan Black, indicating the presence of lipids (Table 4).
These lipids occupied the cell cytoplasm throughout most
of the embryo. The only region that stained positively with
Sudan Black in the remaining Salicornioideae seeds was the
cuticle present below the bitegmic seed coat.

927

All embryo cells of the taxa examined contained
abundant proteins that stained positive with Amido
Black, although the shape and form of the bodies varied.
The protein bodies have been categorized into six types on
the basis of their size, shape and arrangement (Table 4).
Type 1 protein bodies are small and densely packed together
as seen in Halopeplis amplexicaulis (Fig. 8C) and in ten
other taxa including Allenrolfea occidentalis (Fig. 9A),
A. subterminalis (Fig. 8E), Salicornia bigelovii (Fig. 8A)
and Sarcocornia perennis (Fig. 8B). Type 2 protein bodies
are small and round, scattered through the cell cytoplasm
and are found in three Australian species: Sarcocornia
blackiana (Fig. 8D), S. quinqueflora and the monotypic
Tegicornia uniflora. Type 3 protein bodies appear crescent-
shaped with large unstained bodies also apparent, as
observed only in Tecticornia australasica and T. verrucosa
(Fig. 9B). Type 4 protein bodies are clearly outlined poly-
gons evident only in Sclerostegia moniliformis (Fig. 9C)
and the monotypic Pachycornia triandra. Type 5 protein
bodies are darkly stained and variable in size, as apparent
in Halosarcia leptoclada, H. pergranulata subsp. pergranu-
lata, H. pruinosa (Fig. 9D) and Heterostachys ritteriana.
Type 6 protein bodies are very large and occupy most of
the cytoplasm and were observed only in Halosarcia
halocnemoides (Fig. 9E).

All embryo cells stained positively to PAS, indicating the
presence of cell wall polysaccharides. Protein body poly-
saccharides are also evident as the internal contents of the
cells of several taxa that stained light pink with PAS. In
some taxa, for example Sarcocornia blackiana (Fig. 8D)
and Sclerostegia moniliformis (Fig. 9C) the protein body
polysaccharides are clearly outlined. Starch grains, when
present, may occur as tiny granules inside the protein
bodies, as seen in Halopeplis amplexicaulis (Fig. 8C) and
Halosarcia pruinosa (Fig. 9D) or as large grains in the cell
cytoplasm, as observed in Salicornia bigelovii (Fig. 8A),
Salicornia europaea and Allenrolfea occidentalis (Fig. 9A).
Small inclusions of varying frequency and size that did
not react to histochemical stains were clearly evident in
Halopeplis amplexicaulis (Fig. 8C) and a number of other
taxa (Table 4).

DISCUSSION

This study examined representatives from 14 of the 15
genera from both tribes of the subfamily Salicornioideae
and documented for the first time many perianth, pericarp
and seed characters that were found to be variable at the
genus and species levels. Although some fruit and seed
features may be potentially phylogenetically informative,
none appear to be definitive at the tribal level as Halopeplis
amplexicaulis and Kalidium foliatum of the tribe Halope-
plideae have abundant perisperm as well as similar seed coat
structure and embryo curvature to many species in the tribe
Salicornieae.

Generic level variation

The absence of perisperm was one of the diagnostic
characters previously used to delimit Salicornia and
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TABLE 4. Presence of lipids, proteins, polysaccharides, starch and unstained inclusions in cotyledon cells of Salicornioideae
seeds
Starch
Starch grains grains
Collector, collection no., Protein Cell wall in protein in cell
herbarium number, location Lipids  form  polysaccharides bodies cytoplasm Inclusions
Tribe Halopeplideae
Halopeplis amplexicaulis J. Molero, BC# 653314, — 1 + + - +
Ung.-Sternb.ex Cesati, Zaragoza Spain
Passer.&Gibelli
Tribe Salicornieae
Allenrolfea occidentalis R. H. Peebles 10605, + 1 + — + —
0. Kuntze US# 1634018, Arizona USA
Arthrocnemum macrostachyum  B. Dudley BD1, Aragén, — 1 + + - +
(Moric.) Koch Spain
Arthrocnemum subterminalis F. R. Fosberg S4888, US# — 1 + — — —
Standl. 1766320, California, USA
Halocnemum strobilaceum BC# 640555, Almeria, Spain — 1 + + - +
M. Bieb.
Halosarcia halocnemoides K. Shepherd KS698, W — 6 + — - —
(Nees) Paul G. Wilson of Wubin, Western Australia
Halosarcia lepidosperma K. Shepherd KS726, - 1 + few - +
Paul G. Wilson N of Scadden, Western Australia
Halosarcia leptoclada K. Shepherd KS646, Lake — 5 + few — +
Paul G. Wilson subsp. Koobabie Western Australia
inclusa Paul G. Wilson
Halosarcia. pergranulata K. Shepherd KS737, Pallarup - 5 + + - +
(Black) Paul G. Wilson Reserve, Western Australia
subsp. pergranulata
Paul G. Wilson
Halosarcia pruinosa K. Shepherd KS707, S of — 5 + + — +
Paul G. Wilson Coolgardie, Western Australia
Halosarcia pterygosperma K. Shepherd KS666, West of - 1 + few - +
(Black) Paul G. Wilson Menzies, Western Australia
subsp. pterygosperma
Heterostachys ritteriana H. H. Bartlett 20664, US# 1930104, — 5 + — — +
Ung.-Sternb. Argentina
Pachycornia triandra K. Shepherd KS675, S of Sandstone, — 4 + few — +
(F. Muell.) Black Western Australia
Salicornia bigelovii Torr. W. L. McAttie, US# 788805, — 1 + — + —
Massachusetts, USA
Salicornia europaea L. B. P. Koustaal, E of Vlissingen, - 1 + - + -
Netherlands
Sarcocornia globosa K. Shepherd KS644, Lake Koobabie, — 1 + — — rare
Paul G. Wilson Western Australia
Sarcocornia blackiana T. Aplin, P# 02618400, — 2 + — — —
(Ulbr.) A. J. Scott Dumbleyung, Western Australia
Sarcocornia perennis M. C. Johnston, US# 1222247, + 1 + — — few
(Mill.) A. J. Scott Texas, USA
Sarcocornia quinqueflora K. Shepherd KS755, Camel Lake, — 2 + + - +
(Ung.-Sternb.) A. J. Scott Western Australia
subsp. quinqueflora
Sclerostegia moniliformis K. Shepherd KS732, N of Scadden, — 4 + + — —
Paul G. Wilson Western Australia
Tecticornia arborea R. J. Cranfield 7548, Australia — 3 + — — —
Paul G. Wilson
Tecticornia verrucosa K. Shepherd KS625, N of — 3 + few — few
Paul G. Wilson Wyalkatchem, Western Australia
Tegicornia uniflora K. Shepherd KS746, Camel Lake, - 2 + - — +
Paul G. Wilson Western Australia
Character states: — = absent, + = present. Protein body Types (1-5) are described in Figs 8 and 9. Storage compounds identified by the following histo-

chemical stains: Sudan Black for lipids, Amido Black for protein, Periodic Acid-Schiff’s Reagent for cell wall polysaccharides and starch grains. Herbaria:
US = United States National Herbarium at the Smithsonian Institute, BC = Institut Botanic de Barcelona, P = Perth.

Sarcocornia from all other Salicornioideae (Scott, 1977,
Wilson, 1980). This study has shown that small amounts
of perisperm are evident in three Australian Sarcocornia

species. These three species are closely related, as they form

a monophyletic group based on ITS molecular sequence
data, sister to Salicornia within a paraphyletic Sarcocornia
clade (Shepherd et al., 2004). Thus, the diagnostic character
that distinguishes Salicornia and Sarcocornia from other
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20 um

F1G.8. Salicornioideae seeds in longitudinal section through the cotyledon stained with PAS (left column), Amido Black (middle column) and PAS + Amido

Black (right column). (A) Salicornia bigelovii Torr.; (B) Sarcocornia perennis (Miller) A. J. Scott; (C) Halopeplis amplexicaulis Ung.-Sternb. ex Cesati,

Passer. & Gibeli; (D) Sarcocornia blackiana (Ulbr.) A.J. Scott; and (E) Arthrocnemum subterminalis Standl. sg = starch grains, in =inclusions. Protein bodies

recorded in Table 4 are classified from the examples shown in the middle column; small and densely packed together (Type 1) in (A), (B), (C) and (E); small,
round protein bodies scattered through the cell cytoplasm (Type 2) in (D).
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F1G.9. Salicornioideae seeds in longitudinal section through the cotyledon stained with PAS (left column), Amido Black (middle column) and PAS + Amido

Black (right column). (A) Allenrolfea occidentalis Kuntze; (B) Tecticornia verrucosa Paul G. Wilson; (C) Sclerostegia moniliformis Paul G. Wilson;

(D) Halosarcia pruinosa (Paulsen) Paul G. Wilson; and (E) H. halocnemoides (Nees) Paul G. Wilson. Protein bodies recorded in Table 4 are classified

from the examples shown in the middle column: small and densely packed (Type 1) in (A), crescent-shaped with unstained bodies (Type 3) in

(B), clearly outlined polygon (Type 4) in (C), darkly-stained bodies variable in size (Type 5) in (D) and large bodies that occupy most of the cell
cytoplasm (Type 6) in (E).
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Salicornioideae should be redefined to: perisperm being
absent or present only in trace amounts versus perisperm
being abundant. Accordingly, the abundant perisperm
detected in seeds of the North American Arthrocnemum
subterminalis in this study indicates that this species should
not be placed into synonymy under Salicornia, as suggested
by some authors (Wiggins, 1980; Wilken, 1993).

The campylotropous ovule typical of the Chenopodiaceae
results in a curved embryo. However, this study has shown
that Salicornioideae embryos vary in size, shape and
curvature. The embryos of Salicornia and Sarcocornia
are relatively large and occupy almost the entire seed. More-
over, these horse-shoe shaped embryos appear ‘bent’, as the
base of the inner cotyledon touches the apex of the hypo-
cotyl region as the embryo bends. This even occurs in the
Australian Sarcocornia species, which have trace amounts
of perisperm present at the apex of the cotyledons near the
chalazal region. While the embryos of Salicornia and
Sarcocornia may be considered distinct, the large curved
embryo of Pachycornia triandra is simply an extreme on a
continuum of curvature, rather than a unique autapomorphy.
It is apparent that many species of Halosarcia and
Sclerostegia have straight embryos. While these embryos
still develop from the micropylar end, they do not continue
to elongate and curve towards the chalazal end of the seed.
Therefore, a straight embryo represents a secondary loss of
curvature in these seeds. Accordingly, the peripheral
embryos of the Salicornioideae may be further character-
ized as bent, curved or straight.

Seed ornamentation, a result of radial extension
of individual epidermal cells, occurs in many of the
Salicornioideae. This study identified five types of exotesta
ornamentation. None of these ornamentation types were
found to be diagnostic at the genus level; however, the
epidermal cells of Microcnemum had convex outer peri-
clinal and undulate anticlinal walls (Type 2) similar to
that observed in Arthrocnemum seeds. The absence of tan-
nins in the exotesta of brown Arthrocnemum subterminalis
seeds was of interest. However, as tannin may appear at the
late stages of development this character should be con-
firmed, since the seeds examined in this study might not
have been fully matured.

Wilson (1980) suggested that the ‘hardness of testa in
[seeds of] Halosarcia is inversely proportional to the hard-
ness of the pericarp or fruiting perianth’. Dark-coated seeds
that are ornamented appear much ‘harder’ than glabrous
seeds, but it is difficult to measure this accurately. More-
over, the difference in transparency of glabrous seeds
indicates that seed coat thickness varies even among
taxa with ‘soft’ seeds. Anatomical sections highlight the
difference in seed coat structure; for example, the multiple
cell layers of both the outer and inner integuments were
apparent near the micropyle of the Tecticornia verrucosa
seed; in contrast, these layers were highly compressed
in the Sclerostegia moniliformis seed. Similarly, the posi-
tion of seed ornamentation is also highly variable in the
Salicornioideae but this variation does not appear to be
related to specific perianth or pericarp characters.

The orientation of seeds within Salicornioideae fruits
has rarely been reported (Wilson, 1980) and may be a
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useful diagnostic character. While the placentation of
Salicornioideae seeds is basal, the longitudinal axis of
the seed may orientate toward the horizontal or vertical
plane. Seeds may also subsequently rotate to the left or
right in either plane. The flowers of Halocnemum strobila-
ceum and Heterostachys ritteriana are sessile within free
bracts. The inflorescence of Halocnemum strobilaceum is
compact and globular, while the bracts of Heterostachys
ritteriana are arranged alternately; factors which may
cause the seeds to be positioned in the horizontal plane
but lying flat and rotated back towards the inflorescence
axis. The polymorphic orientation of both Halosarcia
chartacea and H. flabelliformis seeds, where the seed
from the central fruit of the triad is horizontal while the
seeds from the two lateral fruits are horizontal and lie flat on
either the left or right side, may also be a consequence of
inflorescence structure. The inflorescence of Halosarcia
chartacea is compressed and the fused bracts form plate-
like rings as the fruits mature, which might cause the lateral
seeds to flatten during development.

The relatively large seeds of Pachycornia were some-
times found to be orientated upside down relative to the
inflorescence axis, and the seeds of Tegicornia were orient-
ated in the vertical position relative to the stem axis rotated
to the left or right side. No other fruit or seed features
were found to be diagnostic at the genus level for the
remaining Australian genera; Halosarcia, Sclerostegia
and Tecticornia. In a recent molecular phylogenetic analysis
based on ITS sequence data, none of the Australian genera
were supported as monophyletic as the smaller genera were
all nested within Halosarcia (Shepherd et al., 2004). On the
basis of low molecular sequence variation amongst the
Australian genera, it was hypothesised that they radiated
rapidly from a single common ancestor (Shepherd et al.,
2004; Kadereit et al., 2005). A rapid radiation could
account for a lack of diagnostic characters between genera,
but does not explain the considerable variation, particularly
in seed coat morphology, expressed at lower levels.
The heterogeneity of Australian salt lakes, which exhibit
differences in soil type, salinity levels, area and depth, pro-
vide infinite habitat variability. Species complexes and
hybridization are reported (Wilson, 1980) and polyploidy
is also evident with diploids, triploids and tetraploids repor-
ted within a single subspecies (Shepherd and Yan, 2003).
All these factors may influence diversity at the population
level among the Australian Salicornioideae.

Storage compounds in Salicornioideae seeds

Halophytic plants with seeds rich in proteins, oils and
carbohydrates may provide invaluable alternative crops for
agricultural regions affected by salinity. Positive histo-
chemical stains for lipids were observed in Sarcocornia
perennis and Allenrolfea occidentalis embryos. However,
lipid bodies were not detected in Salicornia bigelovii,
a North American annual targeted as a saltwater irrigation
crop with seeds containing up to 33 % protein and 33 % oil
(Glenn et al., 1991, 1999; Attia et al., 1997). Similarly, lipid
bodies were not detected in Salicornia europaea seed even
though it is reported to have a similar oil content to that of
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S. bigelovii (Austenfeld, 1986, cited in Glenn ez al., 1991),
or in Halocnemum strobilaceum seeds which have been
reported to contain 12-6 % oil (Barclay and Earle, 1974).
Various factors may account for the lack of positive reaction
to Sudan Black in species known to have oil-rich seeds, such
as the age of the seed or form of the oils present. Extraction
and chemical analytical methods, such as those described by
Glenn et al. (1991), should be employed to more accurately
quantify the presence of oils and fatty acid compounds in
other Salicornioideae species to assess their potential for
oilseed crops.

Salicornia and Sarcocornia species lack starchy peri-
sperm in the seed, so they must rely on energy stores within
the embryo for the initial stages of germination. The large
bent embryo characteristic of these genera is effectively
twice the length of the seed, increasing the length of the
cotyledons and hypocotyl-radicle axis in the young seed-
ling. A larger embryo in annual species may confer an
advantage, facilitating rapid germination and establishment
to optimize growth before flowering and seed set. Salicornia
procumbens and two other Salicornioideae species have
green embryos. The presence of green pigments in mature
seeds is not common, although this has been documented
for representatives from five other genera within the
Chenopodiaceae and the cotyledons of a Kochia childsii
(Chenopodiaceae) seed embryo were shown to contain
chloroplasts and chlorophyll (Marin and Dengler, 1972).
It is possible that species with green embryonic cotyledons
are capable of becoming actively photosynthetic at a very
early stage of establishment. Since the majority of Sali-
cornioideae species have opaque seeds, it is not apparent
how many have green embryos. It would be of interest
to assess the relationship between cotyledon size, embryo
colour, seed storage materials and germination strategies
in the wide-ranging genera of the Salicornioideae.

The compartmentalization of protein into distinct bodies
is evident in both the endosperm and embryo cells of the
Salicornioideae taxa investigated in this study. The variab-
ility in form, size and distribution of these protein bodies
has not previously been reported for this subfamily. Protein
bodies may be potentially useful taxonomic characters
(Lott, 1981) and closely related Salicornioideae species
exhibit similar forms. For example, Sarcocornia blackiana
and S. quinqueflora have protein body Type 2, while
Tecticornia arborea and T. verrucosa have protein body
Type 3. However, these characters are difficult to quantify,
as protein bodies may vary in size and structure within
different tissues of an embryo (Lott, 1981; Coimbra and
Salema, 1994).

The size and shape of starch grains within seeds are also
potentially taxonomically useful, but a wide-ranging survey
by Gill et al. (1991) showed little phylogenetic correlation
of starch grain characteristics among 49 angiosperm fam-
ilies. Perisperm starch grains are relatively homogeneous
among the 14 genera of Salicornioideae examined. How-
ever, two different forms of starch were found within coty-
ledon cells. Tiny PAS-positive grains in the protein bodies
were present in 12 of the 23 taxa examined anatomically.
Three other species had larger grains evident in the coty-
ledon cell cytoplasm and the grains observed in Salicornia
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bigelovii and S. europaea were larger than those observed in
Allenrolfea occidentalis. Unstained inclusions were also
apparent in 15 taxa. Anatomical examination of protein
bodies, starch grains and inclusions at varying stages of
embryo development in a wider range of Salicornioideae
species will test if these characters are systematically
informative for the subfamily.

The endosperm is usually absent in Chenopodiaceae
seeds as it is completely consumed by the developing
embryo (Pal et al., 1990). However, a thin endosperm
layer was observed in Halosarcia halocnemoides near the
radicle region of the embryo. Traces of endosperm have
also been documented in other Chenopodiaceae and
Amaranthaceae species, such as Chenopodium quinoa
(Prego et al., 1998) and Amaranthus hypochondriacus
(Coimbra and Salema, 1994).

In conclusion, there are no unique fruit or seed characters
that support the traditional tribes recognized in the sub-
family Salicornioideae. This study has highlighted fruit
and seed characters that may be informative at the genus
and species level. Furthermore, anatomical sectioning of
seeds has demonstrated differences in seed coat structure
and embryo size and shape. Histochemical staining of seeds
revealed previously unreported variability in protein bodies,
starch grains and the presence of unstained inclusions in
the embryo cells of various Salicornioideae taxa. Further
anatomical studies including more representatives of the
Salicornioideae are required to assess if these new charac-
ters are also phylogenetically useful.
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